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\l)Stract The ultrasonic velocities, densities and viscosities have been measured in the ternary system of I- hexanol + acetonitrile + cyclohexane
ji 103, 308 and 313 K From these data, acoustical parameters such as adiabatic compressibility, free length, free volume and internal pressure have 
biYii estimated using the standard relations The results have been analysed on the basis of variations in ultrasonic velocities and free lengths. It is 
nhscrved that the addition of Uol leads to a compact structure The presence of strong interactions are noticed in the ternary system. The peculiar 
K'haviour of cyclohexane drastically influences the temperature variations
Ki'vwords Ultrasonic velocity, acoustic parameters, dipolar and dispersive interactions.
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V e l o c i t y  of sound waves in a medium is fundamentally related 
lo i h c  binding forces between the atoms or the molecules. The 
v a lu a t io n  of ultrasonic velocity and related parameters throw 
m u c h  light upon the structural changes associated with the 
l iq u id  mixtures having weakly interacting components [1-3] as 
w ell a s  strongly interacting components [4-6]. Though a number 
‘>1 investigations have been carried out in liquid mixtures having 
a l c o h o l  as one o f the components, ternary systems with 1- 
l i e x a n o l  as one o f the components has been scarcely reported. 
I'uriher, ternary mixtures with alcohols as one component are 
indispensable for the industrial rectification column to avoid 
formation o f azeotropes. Hence, the authors have performed 
a thorough study on the interaction o f 1- hexanol with the non- 
 ^polar component cyclohexane and polar acetonitrile, using sound 
; velocity data at different temperatures. The present work deals 
'''ilh the measurement o f ultrasonic velocity and computation 
related parameters in the ternary system o f 1- hexanol + 
ii^etonitrile + cyclohexane at temperatures 303.308 and 313 K.
f  h e  mixtures o f various concentration in mole fraction were
(
prepared by taking purified AR grade samples at 303 K. In all the 
fixtures, the mole fraction o f the second component, acetonitrile
Corresponding Author.
(x^ = 0.3), was kept fixed, while the mole fraction of the remaining 
two were varied from 0.0 to 0.7 so as to have the mixtures of 
different compositions.
The ultrasonic velocity ( U) measurements have been made 
by a single frequency (2MHz) variable path interferometer with 
an accuracy of ±  O.lms^. The density ( p ) measurements were 
made using a bicapillary pycknometer with an accuracy o f 3 
parts in 10’ and 10 ml Ostwald viscometer is employed for 
viscosity ( r j )  measurement, with an accuracy o f O.OOlNsm'^. 
The temperature has been maintained constant during the period 
o f measurements by a water circulation system from the 
thermostat with a thermal stability o f ±  0.1°C.
Using the measured data, the acoustical parameters such as 
adiabatic compressibility i p ) ,  free length ( f-/), free volume ( Vy) 
and internal pressure ( ;r ,) and their excess parameters have 
been calculated using the following standard expressions (7- 
10]:
P  =  { u ^ p )
L f  =  K r 0
(1)
(2)
©20031ACS
670 D Devadoss, M Thairiyaraja and L Palaniappan
M ^ U
V f =  — ^
 ^ t ] K
3/2
f  I f  ,2/3
Tit = b R l \  -2 -
V M .
— A  —A^  ' e^xp ^ if i
(3)
(4)
(5)
w h er e  Ky is  a tem p eratu re  d e p e n d e n t  c o n s ta n t , h a v in g  the v a lu e s  
1 9 9 .5 ,2 0 1 .8 ,2 0 3 ,  X 10-"  at 3 0 3 K , 3 0 8 K  a n d  3 13K  r e s p e c t iv e ly ,  
A / ^ i s  the e f fe c t iv e  m o le c u la r  w e ig h t  =  w h e r e  is  th e
m o le  fraction  and is the  m o le c u la r  w e ig h t  o f  i-th  c o m p o n e n t ,  
K is a c o n sta n t  in d e p e n d e n t  o f  th e  te m p er a tu r e  a n d  natu re o f  
th e  liq u id , eq u a l to  4 .2 8  x  lO''. b  is  the  s p a c e  f i l l in g  fa c to r  b e in g  
e q u a l to  2  fo r  a ll l iq u id s  and  s o lu t io n s ,  R  is  th e  u n iv er sa l g a s  
c o n s ta n t .
Ikble 1. Values of dcnsity(p), viscosity(r;) and velocity { if) .
Molcfraclion
I 000 
0 000 
0.000  
0.000  
0.098  
0.199  
0.300  
0.400  
0.500  
0.598  
0.700
0.0  
1.0 
0.0  
0.3 
0.3 
0 3 
0.3 
0.3 
0 3 
0.3 
0 3
0.000  
0 000  
1 000  
0 700 
0 602 
0.501 
0 400 
0 300 
0 200 
0 102 
0 000
303
810.9  
774 8 
767 7 
755 8 
761 4 
764 2 
770 9 
776 7 
784.5  
790 1 
800 4
f> Kg m ’ 
Temperature K 
308
807 4 
771 4 
762 7
750.2  
756.4  
760.7  
766 3
772.2  
780 8 
787 4 
794 6
313
803 6 
767.6
757 8 
740.8
746.2  
751 3
758 6
763.4  
770 3
776.4
786.2
T h e  e x p e r im e n ta l v a lu e s  o f  d e n s ity , v is c o s i ty  and velocity  
at 3 0 3 ,3 0 8  and 3 1 3  K  for  th e  pu re c o m p o n e n ts  and for  the system 
1-h e x a n o l +  a c e to n itr ile  c y c lo h e x a n e  are g iv e n  in  T able 1 The 
c a lc u la te d  v a lu e s  o f  a d ia b a tic  c o m p r e s s ib i l i ty  ( /3 ) , free  length 
(L p , fr e e  v o lu m e  (V p  an d  in tern a l p r e ssu re  (n^ ) at different 
te m p er a tu r e s  fo r  th e  p u re  c o m p o n e n ts  and  fo r  the m ixtures are 
p r e se n te d  in T a b le  2 . T h e  r e s p e c t iv e  e x c e s s  v a lu e s  at the said 
te m p er a tu r e s  h a v e  b e e n  c a lc u la te d  an d  are sh o w n  in F igures 1 
to  4 .
It is  fo u n d  th a t th e  u l t r a s o n ic  v e lo c i t y  in c r e a s e s  with 
in c r e a s in g  c o n c e n tr a t io n  o f  l - o l .  A n  e x a c t ly  r e v e rse  trend, as 
e x p e c te d , is n o t ic e d  in th e  v a r ia tio n  o f  a d ia b a tic  com p ressib ility  
A s  th e  n u m b e r  o f  h y d r o c a r b o n  g r o u p s  in c r e a se , the sound 
v e lo c ity  is fo u n d  to  in c r e a se , as is  e v id e n t  from  th e  T ab le  1. This 
b e h a v io u r , at su ch  c o n c e n tr a t io n s  fo r  th e  m ix tu r e s , w h ich  is  
d iffe re n t from  the id ea l m ix tu r e  b e h a v io u r  can  b e  attributed to 
the  in te r m o le c u la r  in te r a c t io n  in  th e  sy s te m  stu d ied  11I-14 |
303
3 3450  
0 2992 
0 8003 
0 6625 
0.7086  
0.7525  
0 8028 
0.8421 
0.8981 
0.9509  
0 9975
rj mNsm^ 
Temperature 
308
3.0562  
0.2214  
0.7180  
0.6007  
0.6425  
0 6938  
0 7424  
0.7865  
0.8442  
0.9037  
0.9762
313
2 7538 
0 1873 
0 6673  
0.5603  
0 6024  
0 6422  
0.6935  
0.7446  
0.8032  
0.8684  
0 9346
303
1289 0 
1288 4 
1230 3 
1191.1 
1203 3 
1210 3 
1222 9 
1230.7 
1239 6 
1247 6 
1256 4
U ms' 
Temperature 
308
1276.3 
1267.9
1212.5 
I 172.6 
11864  
1 192.6 
1206 6
1216.4 
1225 3
1237.6 
1249.2
313
1 260 8 
1248 4
I 189 1
II 54
I 168 4 
11805 
1 192 7 
1 202 6 
1217 2 
1226.2 
1238 5
Tbble 2. Values of adiabatic comprcs.sihility(/7), free length (L .^ free volume(Vp and internal pressure(^,).
Molcfraclion
P xlO'o Pa' 
Temperalure K
LyX 10“ m 
Temperature K
VyX 10’ m’ mol ' 
Temperature K
X lO'^  P;i 
Temperalure K
X, X, X , 303 308 313 303 308 313 303 308 313 303 308 .113
1 000 0.0 0.000 7.422 7.603 7 828 5 436 5 543 5.680 0.279 0 314 0.361 661 644 623
0.000 1.0 0.000 7.775 8.064 8 359 5 564 5 708 5.869 2.654 4.070 5.111 556 488 459
0.000 0.0 1.000 8.606 8.918 9.333 5 853 6.003 6.202 1 662 1.836 2.074 400 391 381
0.000 0.3 0.700 9.326 9.694 10 133 6.093 6.259 6.483 1.637 1.789 2.007 444 432 424
0.098 0.3 0.602 9.071 9.392 9.817 6.009 6.160 6.361 1.562 1.771 1 906 446 433 426
0 199 0 3 0.501 8 933 9 246 9.551 5.964 6.111 6.273 1,491 1 648 1.822 447 438 427
0 300 0.3 0.400 8.674 8 963 9 217 5.876 6.010 6.180 1 424 1.570 1.709 448 440 432
0 400 0 3 0.300 8.505 8.752 9 057 5.818 5.948 6.110 1.374 1.509 1.610 450 442 436
0.500 0.3 0 200 8 296 8.531 8.762 5.747 5.870 6.029 1.316 1.419 1.514 452 447 441
0.598 0.3 0 102 8 131 8.291 8.566 5 670 5.788 5.965 1.261 1.345 1.408 454 451
447
0.700 0.3 0.000 7.915 8.065 8.2923 5.611 5.708 5.911 1.226 1.255 1.322 ^56 457
454
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H o w ev er , th e  u ltr a so n ic  v e lo c i ty  d e c r e a se s  in all the c a se s  as 
tem perature is in c re a se d . T h e  r e v e r se  tren d is o b ser v e d  in the  
values o f  a d ia b a tic  c o m p r e ss ib ility .
A s  a c e to n itr ile  is  h a v in g  r e la t iv e ly  a h ig h er  d ie le c tr ic  
co n sta n t ( €  =  3 6 )  an d  b e in g  an  e le c tr o n  d o n o r  than  
c y c lo h e x a n e  ( 6 = 2 . 0 2 )  ( 1 5 ] ,  th e  in te r a c t io n  b e tw e e n  th e  
m o lecu les o f  aceto n itr ile  w ith  c y c lo h e x a n e  is  fo u n d  to b e  w eaker  
than the  in te ra c tio n  w ith  p r im ary  a lk a n o l. D isp e r s iv e  ty p e  o f  
in teraction s are e x p e c te d  b e tw e e n  th e  p rim ary  a lk a n o ls  and  
c y c lo h e x a n e  d u e  to  th e  n o n -p o la r  natu re  o f  c y c lo h e x a n e  and its  
m tertness to w a rd s e le c tr o n  d o n o rs  [ 16 ] w h erea s  d ip o le  -  d ip o le  
in teraction s or d ip o le - in d u c e d  d ip o le  in te ra c tio n s  m a y  arise  
b etw een  1-h e x a n o l and  a c e to n itr ile  m o le c u le s ,  as aceto n itr ile  
arc h a v in g  p e r m a n e n t  d ip o le s ,  d u e  to  a sy m m e tr ic  c h a r g e  
distribution  in d is s im ila r  m o le c u le s  117]. T h e  a d d itio n  o f  1 -o ls  
with the m ix tu re  lea d s to  a c o m p a c t structure d u e  to  the p resen ce  
of d ip o la r  or d isp e r s iv e  ty p e  in te r a c t io n s .T h is  c o n tr ib u tes  to a 
decrease  in free  len g th  and h e n c e  c o m p r e ss ib ility . T h e  regu lar  
tall m free  len g th  w ith  th e  m o le  fra ctio n  o f  a lk a n o l m ay b e  
attributed to  the c lo s e  ap p ro a ch  o f  th e  m o le c u le s  [1 8 ].
A c co r d in g  to  E y r in g  and K in ca id  [1 9 ] , th e  regu lar fa ll in free  
length c a u se s  a r ise  in so u n d  ve lcK ity  in the m ixtu re. T h is  is  a lso  
in a c c o r d a n c e  w ith  th e  e x p e c t e d  d e c r e a s e  in a d ia b a t ic  
co m p ress ib ility  f o l lo w in g  an in c r e a se  in th e  so u n d  v e lo c ity  in 
all the m ix tu re  stu d ied . F urther, th is  trend is  an in d ic a tiv e  o f  
clu .ster in g  to g e th e r  o f  th e  m o le c u le s  in to  s o m e  c a g e - l ik e  
a g g lo m e r a te s  d u e  to  a s s o c ia t iv e  e f f e c t  o f  th e  p o la r  g ro u p  
predom inating  o v e r  th e  o th e r  ty p e s  o f  in te ra c tio n s  [2 0 ].
F rom  T a b le  2 , it is  n o t ic e d  that as th e  c o n c en tra tio n  o f  l - o l  
increases, free  v o lu m e  d e c r e a se s  w h e r e a s  th e  internal p ressu re  
increases. T h is  s u g g e s t s  th e  c lo s e  p a c k in g  o f  the m o le c u le s  
inside the sh ie ld , w h ic h  m a y  b e b ro u g h t ab ou t b y  the in crea sin g  
m agnitude o f  in te ra c tio n s  [ 7 ,21 ].
In order to  su b s ta n tia te  th e  p r e se n c e  o f  in tera c tio n  b e tw e en  
ihe m o le c u le s , it is  e s s e n t ia l  to  s tu d y  th e  e x c e s s  param eters. 
The d e v ia t io n  o f  a p h y s ic a l prop erty  o f  the  liq u id  m ix tu res from  
ihe ideal b e h a v io u r  is a m e a su r e  o f  th e  in tera c tio n  b e tw e e n  the  
m olecu les w h ic h  is a ttrib u ted  to  e ith er  a d h e s iv e  or c o h e s iv e  
lorces [2 2 ].
T h e  e x c e s s  a d ia b a tic  c o m p r e s s ib i l i ty  (F ig u re  1) and the  
excess fr ee  le n g th  (F ig u r e  2 )  are p o s it iv e  and c o n tin u o u s ly  
decrease w ith  in c r e a s in g  l - o l  c o n c e n tr a t io n  . T h is  is  d u e  to  a
w ea k  bon d  o f  a ty p e  b e tw e en  a co n v e n tio n a l lo ca lize d  h yd rogen  
bond and th e  fo rm a tio n  o f  ch a rg e  transfer c o m p le x  o ccu rr in g  
b e tw e e n  th e  c o m p o n e n t s  o f  th e  m ix tu r e s , a s  rep o rte d  b y  
R o w lin so n  [23J. T h e  c o n tin u o u s  d e c re a se  in e x c e s s  free len gth , 
p o s i t iv e  o r  n e g a t iv e ,  in d ic a t e s  th e  p r e s e n c e  o f  s p e c i f i c  
in teraction  b e tw e en  the d ifferen t s iz e s  o f  m o le c u le s  11 3 ,2 2 -2 4 ].
Mola fraction of l-hexanol 
*^ »KUre 1. Mole fraction wv excess adiabatic compressibility.
H o w ev er , as regards the tem p erature, the m a x im u m  in 
ternary m ixture is foun d  to be sh ifted  tow ards lo w er  tem perature  
w ith in crea sin g  1 -o l con cen tra tion . A ll the co m p o n en ts  are n o n ­
reso n a tin g , l -o l  and a ceto n itr ile  are h a v in g  fu n ctio n a l groups. 
B u t c y c lo h e x a n e  ex h ib its  co n fo rm a tio n  from  rig id  chair form  to  
flex ib le  (boat) form  and vice - versa |2 5 ] .  A s  c ited  in our earlier  
w ork , the b reak in g  up o f  h y d ro g en  b o n d s are h ig h ly  fa v o u red  
in boat form  and not so  m chair form . M o reover , the rela tion  
b e tw e en  the standard free  en erg y  d iffe re n c e  and eq u ilib riu m  
con stan t [2 6 ] r ev e a ls  that the in c re a se  in tem perature, su pp orts  
the e x is te n c e  o f  c y c lo h e x a n e  in boat form . L iterature [2 6 J sh o w s  
ttiat both h y d ro x y l and m eth y l grou p s can  form  equatoria l as 
w ell as ax ia l m o n o / di su b stitu ted  c y c lo h e x a n e s , the c h a n c e s  
b e in g  h ig h er  for  c h a ir  fo rm . F urther  in te ra c tio n s  ca n  a r ise  
b e tw e en  th ese  su b s titu en ts ,e sp ec ia lly  for axia l [2 7 ], o f  the sa m e  
or d iffe re n t c y c lo h e x a n e  m o le c u le s .  A x ia l su b s titu en ts  ca n  
p ro v id e  stcric  h in d ran ce  and eq u atoria l are m ore s ta b lc [2 8 ]. A t 
low er m o le  fractions o f  1 -o l (x, =  0 .0 ,0 . 1). h o m o g en eo u s m o n o  or 
d i-su b stitu ted  equ atoria l m eth y l c y c lo h c x a n e s  are ex p e cte d . A s  
rise  in tem p erature  lea d s to  r ise  m  co m p r ess ib ility  o f  m ix tu re, 
m axim u m  p  ^ is o b ser v e d  at 3 1 3 K . H o w e v er , at Xj =  0 .2 ,0 ,3  
m o le f r a c t io n s ,  h e t e r o g e n e o u s  e q u a to r ia l  d i - s u b s t i t u t e d  
c y c lo h e x a n e s  are fa v o u red  at 3 0 3  K , b e c a u se  o t their stab ility , 
that y ie ld s  lo w  p  ^ v a lu e . O n  in crea sin g  the tem perature to  3 0 8  
K, a x ia l iso m er  fo rm a tio n  m a y  hap p en  and b y  steric  h in d ran ce, 
P^  r ea ch es m a x im u m . B u t at 3 1 3  K , the cro w d in g  around the  
ax ia l su b stitu en t is  restr icted  and so , p  ^ va lu e  d ec re a se s  aga in . 
B e y o n d  0 .3  m o le fr a c tio n s  o f  l - o l ,  r e la tiv e ly  m ore nu m ber o f  
a lco h o l c lu sters are a v a ila b le . T h e  a lc o h o l m o lec u les  in th e  pure  
state  are arranged in h o m o g e n e o u s  c lu ste rs  o f  at lea st three  
m o le c u le s  [2 9 ] . T h ere  are m o lec u la r  s iz e  h o le s  or v o id s  in su ch  
liq u id  structures. T h e  e f fe c t  o f  tem p erature o n  th ese  c lu sters  
w il l  p r o v id e  e n o r m o u s  v o id s  [3 0 ]  and th u s th e  c h a n c e  o f  
form ation  o f  inert h y d ro x y l o r  m eth y l c y c lo h e x a n e  is  en h a n ced . 
H o w e v er , b e c a u se  o f  a fo resa id  rea so n s and as the c o m p o n e n t
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compressibility increases by the favouring conditions boat 
cyclohexane, this results in low at higher temperatures. 
Sim ilar trends in is also observed by Palaniappan in 
cyclohexane system. A ll these variations are reflected in the
observed
The values o f excess free volume (Figure. 3) are almost 
negative and increa.se with increase in concentration o f l-o l. 
This is due to the strengthening o f dipolar interaction between 
the molecules o f the mixture. It is interesting to note that the 
variation in the internal pressure values behave exactly in a 
reverse trend as that o f free volume. Such a behaviour is also 
observed by DevinderPal and Bhatti [31J in some ternary liquid 
mixtures. The weakening o f dipolar interaction between the 
alcohol and halomethanc by cyclohexane, has also been 
confirmed by the excess volume studies [32, 33]. The negative 
excess internal pressure in the mixtures at all concentrations 
clearly cimfirms this view.
Figure 3. Mole fruction vs excess free volume.
Figure 4. Mole fraction v.v excess Internal pressure
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